Abstract-An all-silicon capacitive-post loaded cavity tunable resonator, continuously tunable from C to K frequency bands is presented for the first time. All parts of the resonator are fabricated using silicon microfabrication techniques. The presented device is tuned electrostatically from 6.1 to 24.4 GHz (4:1 tuning range) with a measured unloaded quality factor (Qu) from 300-1,000. The resonator includes an evanescent capacitivepost section with a thin film of low-loss dielectric (Parylene-N) as a spacer between the optically smooth, gold coated silicon post-top and single-crystal-silicon diaphragm to create submicrometer initial gaps. Consequently, the resonator achieves a capacitance density of 47 pF/mm 2 at its lowest frequency. This is 5.6× higher than the state-of-the-art tunable filter designs. It is considered that precision and tight tolerances associated with the microfabrication techniques hold the key in achieving high-Q, widely tunable filters. To the best of the authors' knowledge, this is the widest tuning high-Q resonator presented today.
I. INTRODUCTION
Widely tunable filters with low insertion loss (high-Q u ) are essential components in realizing next generation software defined radios (SDR) and reconfigurable RF-front ends [1] . Evanescent-mode (loaded) cavity based tunable resonators and filters are receiving widespread interest in microwave community due to their small size (compared to their halfwave counterparts), high quality factors, and their potential for wide tuning range using integrated micro-electromechanical systems (MEMS) [2] . Several tunable filter technologies have successfully been demonstrated based on this approach or its variations [1] - [5] .
For a capacitive-post loaded cavity, the tuning range is proportional to the ratio of parallel-plate capacitances between the post and moveable ceiling at its minimum and maximum actuation gaps [2] . Due to the 1/x relationship between capacitance and gap, higher capacitance density at the minimum actuation gap yields higher tuning range for same or comparable actuation strokes. For this reason, smallest possible initial gaps have been targeted in the high tuning ratio (≥ 2:1) designs like [1] and [4] . In the work of both Leo et al. [1] and Moon et al. [4] , the minimum gap is restricted by the surface roughness (∼2 µm) of the post tip, limiting their maximum capacitance density values to 4.43 pF/mm 2 and 8.4 pF/mm 2 respectively as these cavities were fabricated in a ceramic polymer composite substrate using conventional machining techniques. In [5] , the authors of this work have shown that by using silicon as the fabrication material and employing well characterized microfabrication techniques, this gap can be controlled with higher precision than the conventional machining. Using these microfabrication techniques, this work demonstrates the first 4:1 tunable cavity resonator, with a maximum capacitance density of 47 pF/mm 2 (at 0.5 µm minimum gap) which is 5.6× higher than the stateof-the-art.
II. DESIGN AND MODELING
The proposed resonator's design schematic is presented in Fig. 1(a) . A capacitive-post loaded cavity resonator, excited by a feed pin, is tuned by electrostatic actuation of a gold-coated silicon-on-insulator (SOI) diaphragm. The resonator assembly consists of four distinct parts as shown in Fig 
A. RF Design
The resonator is designed to tune from 6 GHz (C band) to 24 GHz (K band). The cavity design process is similar to [5] which has already demonstrated high-Q due to smooth sidewalls and highly conductive attachment between the cavity and diaphragm. Two distinct features in this design are 1) dielectric spacer film and 2) coaxial pin feed.
1) Dielectric Spacer:
In order to maximize the capacitance density, a sub-micrometer initial gap is needed between the post and the diaphragm. This is accomplished through the use of a thin dielectric film, to avoid shorting of diaphragm to the post. The higher end of the tuning range remains virtually unaffected due to the dominant (low) air capacitance in series. Low loss polymers like Parylene-N (ϵ r = 2.65, tanδ = 0.0006 at 1 MHz) are suitable for high-Q designs [4] . Using 0.5-µm Parylene-N as the spacer (which corresponds to a maximum capacitance density of 47 pF/mm 2 ) the resonator is designed to tune from 6 to 24 GHz with a 15 µm diaphragm deflection. In absence of this film (maximum capacitance density of 18 pF/mm 2 ), the tuning range reduces by 48% for the same diaphragm deflection.
2) Coaxial Pin Feed:
The designed resonator is excited by a pin inserted from the base of the cavity. The pin feed offers several advantages over planar transmission line feed like no substrate losses and negligible radiation losses. Due to the small cavity size, it was not possible to accommodate two coaxial connectors side by side for two port measurements. As a result, the designed cavity is fed with only a single port and Q u is determined by the reflection method [6] . The RF modeling is performed in Ansys R ⃝ HFSS software and the simulation design with results is shown in Fig. 2 .
B. Electromechanical Design
The electromechanical design considerations for an SOI diaphragm using electrostatic actuation have been discussed in detail in [1] and are not repeated here. The spring constant k for a circular diaphragm of radius R and thickness t under uniform loading can be calculated by [7] 
where E is the Young's modulus, γ is the Poisson's ratio and σ is the diaphragm residual stress. In general, k ′ << k ′′ for the bimorph silicon/gold diaphragm. Table 1 summarizes several key design properties.
III. FABRICATION
The resonator fabrication can be divided into three parts: 1) cavity fabrication, 2) diaphragm fabrication and 3) electrode fabrication. The cavity fabrication (Fig. 3(a) ) starts with a 3000 • A Silicon Nitride (SiN x ) coated 2-mm thick silicon substrate. With patterned SiN x as an etch mask, a cavity with desired post diameter and depth is etched in this substrate using silicon wet-etching techniques. A feed pin via is then etched into the base of the cavity from the backside using Deep Reactive Ion Etching (DRIE). A 2-µm thick gold film is then sputtered on both sides of the cavity substrate to give uniform gold coverage at the surface and sidewalls, including via holes. The diaphragm fabrication starts with a 1.5-µm thick gold deposition on a 5-µm thick SOI device layer. 0.5-µm thick Parylene-N film is then deposited using Parylene Chemical Vapor Deposition (CVD) and patterned using oxygen plasma with photo-resist mask. The 500-µm thick SOI handle layer is then patterned and etched away using DRIE followed by oxide etch through Buffered Oxide Etch (BOE) to release the gold coated silicon diaphragm as shown in Fig. 3(b) . 445-µm deep bias electrode posts are wet-etched in a 2-mm thick silicon wafer with a SiN x mask. The electrodes are then spin coated with a 10-µm thick photo-resist for electrical isolation and making overall desired initial DC bias gap of 45 µm (Fig. 3(c) ). The resonator parts are assembled in a specially designed metallic fixture for measurement, as shown in Fig. 4 . An SSMA connector is screwed in to the fixture bottom, with its launch pin coming out into the top recess. This recess houses the cavity, and the diaphragm is mechanically clamped on to the cavity using screws. The bias electrode then fits in the SOI handle recess. 
IV. MEASUREMENTS AND DISCUSSION
The resonator assembly was measured using Agilent PNA and Keithley high-precision power supply. The resonator showed analog tuning from 6.1 to 24.4 GHz when the bias voltage is ramped from 0 to 600 V. The reason for a high bias voltage is attributed to a) higher initial gap between the bias electrode and the diaphragm and b) higher residual stress in the gold film than originally anticipated. The reflection coefficient (S 11 ) for some selected bias voltages is plotted in Fig. 5 . The measured tuning is found to be in close agreement with the simulated one (Fig. 2) . The quality factor extracted from the reflection method showed measured Q u variation from 300 (400 simulated) at 6.1 GHz to 1,000 (1,350 simulated) at 24.4 GHz. The measured Q u is better than 70% of the simulations throughout the tuning range. The difference in the simulated and measured quality factor can be due to the change in dielectric loss tangent of Parylene-N film at higher frequencies or some non-uniform mechanical clamping of the diaphragm with cavity using screws.
V. CONCLUSION
An improved fabrication technique for achieving widely tunable capacitive post loaded filters is presented. Submicrometer initial gap, possible through an all-silicon approach, significantly improves the maximum capacitive density, critical for wide tuning range. A tunable resonator with a (dielectric assisted) 0.5 µm minimum gap and a capacitance density of 47 pF/mm 2 (5.6× higher than state-of-the-art) is presented as technology demonstration. It is capable of tuning from 6.1 to 24.4 GHz (1:4) while maintaining a high Q u of 300 to 1,000 with electrostatic actuation. This is the highest tuning ratio reported to date in loaded cavity based tunable resonators and filters.
